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Insulin prepwirtkm, Hoe 2t r !£H; ( is i,a pH^eOtf^^buffered^ j^l 
insulin formulatt^ K. 
synthetiCihuman, jrjsulin ^6); 274 or $tiffiffo^i\m^ v> 
(for U-100 *^ LM0b insulin; respectively) with^ 
phenol as'a preservative J6n^ 
agent, 50 mM of tris^hydraxyn^ (tris) 
buffer, and ID ng/ml polyemytene-^oAypr^ . 
(Genapol Hoechst AG, Frankfurt, FRG). Genapd te a block 
polymer of 1800 M r The central portion of the molecule CWh 
sists of propylene glycol units with -5% (by mses of the 
polymer) of ethylene glycol units attached at each end. Fur- 
ther details concerning the polymer and its selection i-torsta- 
biiization of insulin are provided in the- literifti^Jj O^^'l 7). 
. Genapol has undergone a series bfphannacb^ 
toxicologic tests, including acute toxicology and subchrbntc 
toxicology on rats and dogs: Doses of Gerwjpol upito 5.0 
mg/kg body wt were administered to 120 rats irtowehously 
or subcutaneousfy. Chronic studies included 3-mo trials in 
1 1.0mg • kg -1 • day-\Err*rybt6xicity, 
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Ames test, micronucleus test, and erythrocyte hemolysis 
tests were performed. There was no evidence of significant 
toxicity due to Genapol. These data have been filed with the 
Food and Drug Administration and comparable German au- 
thorities. The final insulin preparation in Hoe 21 PH contains 
10 u.g/ml Genapol, regardless of the insulin strength, so that 
a human receiving an average 50 U of U-400 insulin daily 
would receive 1.25 |tg (0.018 jig/kg) Genapol. 

Samples from various insulin-manufacturing batches were 
used. The insulin solution was deaerated before transfer into 
PIMS by applying a vacuum with a sterile needle for 3 h or 
more to ensure that the Po 2 was < 100 mmHg. 
PIMS. The implanted portion of PIMS was a fully program- 
mable, variable rate implanted medication-delivery system. 
Its titanium casing was a disk, 3 inches in diameter by 0.9 
inch thick. When implanted subcutaneously, a refill port was 
located in the center of the superficial surface. The outlet 
port delivers insulin to a catheter, the distal tip of which was 
placed in the peritoneal space. The unit weighed 220 g when 
the reservoir was full, with catheter attached, and the res- 
ervoir volume was -12 ml. 
The PIMS was filled with deaerated insulin through the 
' ^ inlet port with a syringe. The insulin entered ah antechamber, 

f^'S^^^ Fr 



separated ■ f fom t a chamber! contsuning 



inspected via scanning electron microscopy (SEM) and X- 
ray microanalysis. The samples were dipped in distilled 
water and then mounted on an electron-microscopy grid, 
carbon coated, and analyzed in X-ray microanalysis via a 
module from Princeton Gammatech (Princeton, NJ). Spectra 
were recorded as an energy-dispersive pattern. 

After 12 mo of testing with Hoe 21 PH, one PIMS pump 
was cut apart to inspect the drug-exposed surfaces of the 
reservoir and the entire fluid handling system for precipitates. 
SEM and X-ray microanalysis were performed as described 
above. 

En vivo tests. Eight dogs, each made diabetic by total pan- 
createctomy 1-3 yr before implantation, were used for in 
vivo tests. Each pump was implanted subcutaneously in the 
dog's flank. 

Insulin was delivered in a dosage pattern according to 
clinical need. Basal rates were established for dawn, day- 
time, and nighttime, with supplemental infusion patterns pro- 
grammed to cover the 6- to 8-h absorptive period of the 
dogs. Basal rates varied from 0.2 to 0.8 U/h. 

Pumps were refilled transcutaneous^ when the reservoir 
was <25% full. In addition, insulin in the reservoir was sam- . 
pled periodically for analysis (see results). This was ac : 
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. ^bun^ ap&ratus/(r^ 
;? genn ; fflGla^id agitated at mjt^fy^^*^ an%J fre? ]. 
quency* bl 80 cycles/min>. Hoe .21^^^yi^^pumped at - ; a . 
constant rate 'of 1 1 .6 uJ/h (28 U/day).with .U4P0 jnsulin and 
1.68 jd/h (16 U/day) with U-400 insulin. A 20-cm length of 
the standard cathc'er material was used, moving freely in 
air, delivering insulin into a steady glass vial. The vial was 
changed weekly, and the entire apparatus was maintained 
at 37°C. Pumps were refilled every 4 wk during the Hoe 21 
PH U-100 test period and up to every 12 wk in the Hoe 21 
PH U-400 tests. 

Insulin sampled from these in vitro tests was compared 
with Hoe 21 PH insulin maintained without shaking in a glass 
vial at 37°C for identical periods (see results). 
Analysis of pump and catheter. Laboratory tests included 
routine analysis of the catheter through which insulin had 
been infused for 6 mo. The catheter was cut into pieces and 
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TABLE 1 

Insulin concentration In Hoe 21 PH samples from PIMS In vitro 
tests based on HPLC analysis in percent of initial concentration 











Mean insulin 








Mean insulin 




quantity in 








concentration In 




reservoir 




Device 


Insulin type 


eluate samples 


n 


samples 


n 


1 


Hoe 21 PH U-100 


98.1 ± 7.6 


22 


100.4 ± 5.6 


5 


2 , 


Hoe21PHU-100 


98.6 ± 7.2 


24 


96.8 ± 5.5 


5 


3 


Hoe 21 PHU-400 


101.3 ± 7.5 


12 


99.0 ± 5.5 


2 


4 


Hoe 21 PHU-400 


96.9 ± 17.5 


30 


92.3 ± 7.5 


3 


5 


Hoe 21 PH U-400 


102.2 ± 12.6 


25 


89.5 ±6.4 


2 


Total 




99.4 ± 10.3 


113 


95.6 ± 5.9 


17 



Eluate samples were collected continuously in 1-wk aliquots; res- 
ervoir was sampled before refills every 4 wk (U-100) or 12 wk 
(U-400). PIMS, prograrnmable implantable medication system; n, 
number of samplings taken from each device, at the catheter outlet 
(eluate) or from the device reservoir. 



suction applied manually to remove -0.5 ml of insulin, di- 
luted with -0.5 ml of insulin-free diluting fluid in the syringe 
beforr insertion of the needle into the reservoir (to avoid air 
entering the reservoir). ;; 
Analysis of Insulin, (nsijlin was routinely^ 
^performanc&yjq^ 
^previously '(18)^ 

V ence^ integrity 



and subsequent Coomassie blue staining were performed 
by standard procedures (20). Staphylococcus aureus V8 
protease fingerprint analysis was performed as described 
previously (21). 

To test for potential immunogenicity of the MMP, a Hoe 21 
PH preparation was recycled repeatedly inside a pump at 
37°C, and MMP was generated in large proportions. The 
insulin was then precipitated, and HPLC analysis revealed 
76% of MMP in the final product. Five pigs were hyperim- 
munized with 0.036 mg/kg of the mixture (corresponding to 
1 U/kg) in complete Freund's adjuvant. Boosters were given 
in weekly intervals, and from the 6th wk on, no adjuvant was. 
added, and the doses were reduced to 0.2 U/kg. A reference 
group of five pigs was treated accordingly with human in- 
sulin. Blood, was withdrawn weekly, and the percent binding 
was determined with a porcine insulin tracer. Values were 
calculated as means ± SF 

RESULTS 

Insulin stability In accelerated laboratory tasting. The to- 
tal in vitro test period with Hoe 21 PH U-100 was 10.7 device- 
mo (22 and 24 wk in 2 pumps), Jand with Hoe 21 PH U-400 
was 15.6 device-mo (12, 30, and 25 device-wk, in 3 pumps). 
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U .time (wk)^ PIMS eluate" 



PIMS reservoir 



PIMS eluater"- n/ PIMS reservoir; , n Glass- vial (steady) 



•0 






97.7 ± 0.8 


13 






95.7 ± 0.7 
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97.5 
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96.7 ± 0.7 


13 






93.1 ± 1.9 


4 
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96.4 ± 0.8 


12 






93.9 ± 1.5 
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96.5 t 0.8 


12 
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93.4 ± 1.0 
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95.0+1.2 


10 


95.1 * 1.2 


93.4 ± 1.0 
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92.2 ± 1.6 
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93.9 ± 0.1 
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Samples were taken on weeks indicated; 
medication system. 



eluates were collected continuously in weekly aliquots. PIMS, programmable implantable 
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comigrating with reference insulin and the minor band com- 
igrating with desamido-A21 -insulin. The S. aureus proteas 
V8 fingerprint, which yields three major fragments with hu- 
man insulin (Fig. 3A), gives an identical pattern for the MMP 
with regard to fragments II and III, but fragment I is eluted 
significantly later (Fig. 38). Fragment I contains the NH 2 - 
lerminal region of the B-chain and residues 5-17 of the A- 
chain. Identification and assignments of the fragments have 
been published (21). 

The biological potency of the purified MMP was tested on 
rabbits. The sample had a biological potency of 27.5 U/mg 
dry wt, not significantly different from the 28 U/mg obtained 
for the reference human insulin. 

Testing for immunogenicity of the pump generated mod- 
ified insulin, according to the immunization procedure de- 
scribed in materials AND MfcTHODS, 12S l-insulin binding did not 
differ significantly from a reference group of sera from pigs 
exposed to regular human insulin (Fig. 4). (Immunization 
data kindly provided by HP. Neubauer, Hoechst AG.) 
Surface analysis In accelerated laboratory testing. After 
12-30 wk of operation with Hoe 21 PH insulin delivery in the 
accelerated laboratory tests, the inner surfaces of the five 
catheters as well as the entire fluid handling system of one 
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■? * (16 U) per day. incasing the : e^ 
>"^'^iance,iDf--theidata- fr> ^^^k^^^v- •■•vi-lgj* 
. The chemical int^rity^!pf ; in wlih^sampieHd ; botlr from *tfie 
* ■ t , reservoir and fronvthe eluate decreased slowly over 12Sfik, 
, .with exposure to 37"C temr^rature:(T^ie 2). Tne changes 
' were comparable to those seen in insulin stored in a glass 
vial at 37°C without movement (Table 2) and did not differ 
significantly whether U-100 or U-400 preparations were 
used. Native insulin accounted for 87.7 to 95.7% of the total 
insulin concentration at all times (Fig. 1). Up to 3.4% of the 
total was desamido-A21 -insulin (22.23), and the biologically 
active MMP. described previously to result from residence 
in pump reservoirs (18), never exceeded 3.3% of the total. 

Preparative HPLC of the MMP isolated from PIMS eluate 
is shown in Rg. 2. The isolated peak of the MMP (Fig. 28) 
shows that insulin was practically absent, the small peak 
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ated during HPLC purification. This peak assessment is con- 



firmed by the disk gel, which showed the major band «t aifwdataiu. 
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PIMS unit were examined at selected representative sites. 
The sulfur signal in X-ray microanalysis, indicative of insulin 
due to its six cysteines, was absent in most specimens. 
Surfaces were clean of apparent precipitate even in remote 
corners. No major particulate deposits were detected. 
' . Trac^ bfiiii^tin^re.found in fewlo^ionsl^whic^ecarjfie 
visible^qril^ t^lectron^bearn '^as^directed at ^ese ^ii- 
" ; crc^copic^atch&:^ insujin 
y : wasdetecte 



at tte' 4 siliobne' iht^fe^^thdugh^the 4 'insulin' is ndriparti^Li- 
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21 PHll^QO^withrib^ P\$& 

i 2&6 dob^md; Mai experience; winYHoe^^^^ 

- 1 03 ^ dogrhno. Thejfiongest interval between refills was 5 r^o 
?^^B^^-WP9:4» C t(ab'!e-3);5&ie" mean - inteiv^^was^4^v wk^for* 

^^l^^dr^^wk^for-U^OQ:. -ik- ' fi '• 

•'uf/^^y- "; ln eanV. trials, there was less favnrahlo pYnfirionro u/ith 



there has been no episode of insulin precipitation over the 
combined period of 1 1-dog-yr in vh/ trials. 

Insulin sampled from the reservoir as described was as- 
sayed by HPLC for concentration and structural integrity on 
1 2 occasions, testing samples that had been in the reservoir 
31-147 (mean 77) days (Table 3). Comparing these samples 
with samples drawn simultaneously from vials of insulin that 
had been refrigerated, Hoe 21 PH insulin retained an av- 
erage of 92% of its original concentration. Peak analysis of 
HPLC tracings revealed that on average 90.8% of the ma- 
terial was native insulin, whereas 5.4% was biologically ac- 
tive desamido or major modification product. 

Residence time in reservoir did not correlate with loss of 
total insulin concentration as percent of standard. It is un- 
clear what factors contributed to the irregular reduction in 
assayed insulin concentration. Possibly, experimental error 
was introduced by the diluting of sampled insulin in a syringe 
prefilled with 1-2 ml diluting fluid. There was, however, a 
negative correlation between time in reservoir and retention 
of native, unmodified insulin (r = -.62, P< .04). These in 
vivo data agree with those of in vitro trials shown in Table 2 
and Fig: 1. .^ J 

Glycemic control of these diabetic dogs was good. Mean 
plasma glurose^ 
this/study':^ 
r mg/dkin-jth^after^ 
i woree diabetic?^ \Jjl A 
i;refflls5sugQ^ 
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TABLE 3 ... , . , t , , _ . ,^ , ...... . % .. 

samples witHarawnvs^uen^ 



;^ iearly'. trials, there was less favorable experience wijh 
_ other formulations^pf insulin. We npted;two ihstanbes of ;ir> ; 
/^ .sulin precipitation: in the lumen of a pure Silastic catheter.via 
■;l Hoe 21 PH insulin. It was determined that these -resulted 
• T from a change in pH of the intraluminal insulin due to per- 
meation of C0 2 . Since modifying the catheter to included 
polyethylene interior, we have noted no such problem, pre- 
sumably because polyethylene is far less permeable to CO?. 
One episode of insulin precipitation did occur during the 
trials described herein after Hoe 21 PH U-400 insulin was 
inadvertently added to a zinc-containing placebo solution in 
the reservoir. Chemical analysis of the precipitate revealed 
that there was zinc in concentration exceeding that allowable 
to keep Hoe 21 PH in solution. Another episode of catheter 
block occurred after a catheter was allowed to remain in 
place for >3 mo without flow. Under normal operating con- 
ditions (i.e., without excess zinc added and with normal flow), 



niimbet; 



: 5 



? Days in v/^..- . , , , , 0 ., . 4 f . . v . 

? Sample sample of 'sten^Jf^of total:lnsulin)^; 



13 
28 
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• b 
c 
d 
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",31 
*38* 
91- 
125 
147 
38 
85 
138 
31 
42 
57 
104 
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'iob' 

85 
101 
93 
98 
95 
104 
78 
90 
100 
77 



/930/ 

9o;i 

90.3 
93.4 
85.8 
920 
93.8 
88.4 
93.1 
90.6 
90.9 
88.3 



•a- 



Mean 



77 



92 



90.8. 



Insulin concentration, percentage of control Hoe PH 21 unexposed 
to programmable implantable medication system (PIMS). Chemical 
stability, native insulin as percentage of total insulin by HPLC. Refill 
cycles were as described in the text. 
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Whereas clinical preparations for subcutaneous injection are 
now uniformly stable and highly purified, insulin for implant- 
able infusion pumps requires further steps to ensure stability. 
Isoelectric or zinc precipitation of insulin (a regular feature 
of long-acting preparations for subcutaneous delivery) will 
block the device, and chemical denaturation will reduce 
biologic activity. 

Lougheed et a). (25) reviewed insulin's inherent tendency 
to aggregate as large-molecular-weight polymers and fac- 
tors (i.e., motion, temperature, metal ion contamination, im- 
purities, reduced pH, diluents, and insulin heterogeneity) 
that have been implicated in causing aggregation. Schade 
et al. (26) studied electron photomicrographs of precipitates 
formed when neutral short-acting pork insulin was exposed 
to an implanted Silastic reservoir. They concluded that , at 
least three forms of precipitate occurred: isoelectrically 
formed microcrystals, macromolecular precipitates, and lin- 
ear aggregates of insulin forming fibrillar precipitation. 
Hutchinson (27) demonstrated gelling as a result of pro- 
longed gentle agitation in external delivery systems, whereas 
Brennan et al. (28) found aggregation to be a significant 
problem in altering the flow rate of a closed-loop external 
insulin-delivery system. M % 



insulin residue at the 2 mm of silicone touched by insulin at 
the interface between the outlet port and the catheter hub. 
We have also shown that the zinc concentration of insulin 
must be closely maintained to avoid zinc crystallization. 
Studies reported herein have not addr ssed other hazards 
of implantable pump use, such as (for PIMS) air locking of 
the pump if bubbles are allowed to form in the reservoir, or 
(for any peritonea! delivery device) fibrotic reaction obstruct- 
ing the catheter tip. 

The protein chemical analyses reported herein do not al- 
low an unequivocal identification of the major modification 
product. In light of the sensitivity of the Asn 83 amide group 
for modification at neutral pH (24), and consistent with the 
fingerprint results, it appears likely that the insulin derivative 
investigated here is also a B3-derivative. However, it cannot 
be only a desamido product, because if so it should differ 
from insulin in its gel electrophoretic pattern. A covalent chi- 
meric insulin is not consistent with these data. In regular 
insulin preparations, however, there is a minor contamination 
coeluting in HPLC analysis with the pump-generated major 
modification product. Further investigation will be needed to 
positively identify the protein, but its clinical significance is 
probably minor because it has full potency and no additional 
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' / for larger aggregates (18) Hoa*21*TH^s deveioped|tb 3. Brc^iw^ 
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^Gehapql iC a surtace-^ctivid polyethylene^^ 
glycol, effectively prevents adsorption , of insulin to hyclro-" 
phobic surfaces'. As analyzed by ESCA spectroscopy (17), 
a very small portion of the Hoe 21 PH is adsorbed compared 
with that seen in conventional insulin preparations. This study 
tests whether these physicochemica! analyses are sup- 
ported by reliable 1 dehvery of Hoe 21 PH in an implantable 
pump (PIMS). 

The data demonstrate good stability in accelerated lab- 
oratory tests and after as long as 5 mo between refills in 
vivo. Toxicology testing indicated no adverse sequelae of 
either intraperitoneal or intravenous routes of delivery, and 
early clinical trials with Hoe 21 PH have been initiated in 
humans. However, several caveats are in order. First, each 
specific material that insulin contacts must be tested. For 
example, Genapol is far less effective in preventing adsorp- 
tion to silicone than to polyethylene (1 7), and we noted slight 
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